Mass spectrometry has proven valuable in understanding and controlling chemical processes used in semiconductor fabrication. Given the complexity of spatial distributions of fluid flow, thermal, and chemical parameters in such processes, multipoint chemical sampling would be beneficial. The authors have designed and implemented a multiplexed mass spectrometric gas sampling system for real-time, in situ measurement of gas species concentrations at multiple locations in a spatially programmable chemical vapor deposition ͑SP-CVD͒ reactor prototype, where such chemical sensing is essential to achieve the benefits of a new paradigm for reactor design. The spatially programmable reactor, in which across-wafer distributions of reactant are programmable, enables ͑1͒ uniformity at any desired process design point, or ͑2͒ intentional nonuniformity to accelerate process optimization through combinatorial methods. The application of multiplexed mass spectrometric sensing is well suited to our SP-CVD design, which is unique in effectively segmenting the showerhead gas flows by using exhaust gas pumping through the showerhead for each segment. In turn, mass spectrometric sampling signals for each segment are multiplexed to obtain real-time signatures of reactor spatial behavior. Here the authors report results using inert gases to study the spatial distributions of species, validate SP-CVD reactor models, and lead to an understanding of fundamental phenomena associated with the reactor design. This forms the basis for using real-time mass spectrometry to drive process sensing, metrology, and control in such reactor systems.
Real-time, in situ chemical sensing has played an important role in advanced process control in the semiconductor industry. [1] [2] [3] Understanding and controlling these processes are the two primary motivations of applying in situ chemical sensing in semiconductor processes. 4 From a manufacturing efficiency point of view, production yield and capital equipment productivity can be significantly improved through direct process monitoring and real-time process control of gas phase composition. 1 Ideally, an effective process sensor can provide direct information regarding deposition kinetics as well as information on nominal process parameters, such as gas flow rate, process pressure, and reaction time. 5 In such cases, the sensor can reflect equipment state, process state, and wafer state, providing an avenue to both course correction and fault management, the two thrusts of advanced process control. 
B. Value of multipoint sensing
Multipoint chemical sensing is a method by which multiple sensors are spatially dispersed to collect signals from several spatially separated points in chemical processes such as chemical vapor deposition ͑CVD͒ or atomic layer deposition. Compared to single-point sensing technology, multipoint chemical sensing offers the potential of greater understanding and control of three-dimensional process behavior and its consequences across the wafer.
Our recent research has been focused on the development and demonstration of a spatially programmable CVD ͑SP-CVD͒ reactor design and a new paradigm for process equipment. This approach has promise to control the spatial profile of gas composition across the wafer surface, and thereby to achieve uniformity or to intentionally introduce nonuniformities in pursuit of combinatorial process studies. Real-time multipoint sensing is particularly useful in programmable CVD, not only to detect spatial variations in process conditions, but also to drive control through the spatial programmability of the SP-CVD reactor design. This should be valuable in achieving real-time end point control at multiple locations across the wafer, or for other approaches, which tailor spatial distributions through the process cycle.
C. Types of chemical sensors
Several techniques have been developed for in situ process monitoring, including Fourier transform infrared spectroscopy, 6, 7 acoustic sensing, 8, 9 and quadrupole mass spectrometry ͑QMS͒. We concentrate here on QMS because a͒ Electronic mail: rubloff@isr.umd.edu of its ability to detect both reactant and product species, to use for metrology and control, and to exploit the fact that QMS sensors are already present for fault detection on many manufacturing process tools.
QMS ionizes atoms or molecules from a sample and then separates them according to their mass-to-charge ratio. 10 Traditional applications of QMS include vacuum system leak detection and monitoring of residual gas distributions for contamination control. 11, 12 More advanced applications of QMS have been demonstrated by several research groups. Greve et al. used mass spectrometry ͑MS͒ for process control 13 and for real-time multivariable control of plasmaenhanced CVD SiN film properties. 14 Gougousi et al. applied QMS to run-to-run control on a W-CVD cluster tool. 15 Xu et al. successfully demonstrated QMS-based thin film thickness metrology and end point control in a tungsten chemical vapor deposition ͑W-CVD͒ process. 16, 17 In this work, we have extended QMS sensing to incorporate multiplexing of the sensor to sample various segments of a segmented showerhead, which is the key feature of the SP-CVD reactor. This makes possible the experimental validation of fluid flow models, which is essential to process control in the context of the programmable reactor concept. It also enables quantitative monitoring of deposition on the wafer associated with each showerhead segment, leading to film thickness metrology and real-time end point control. In this paper, we report results using inert gas mixtures, which are sufficient for this study, in order to minimize any safety concerns during movement of the tubes on O-ring seals, to understand and improve our models of the programmable CVD reactor and to develop the multiplexed QMS technology. Results applying the programmable reactor concept to demonstrate both uniformity control and combinatorial experimentations in W-CVD process will be published elsewhere.
II. SPATIALLY PROGRAMMABLE CVD "SP-CVD…
Conventional CVD systems do not have the capability to achieve independent control of across-wafer uniformity or to monitor spatial distributions of process parameters in order to achieve such control. 18 The programmable CVD system has been built based on a new paradigm of equipment aimed at achieving distributed sensing and spatial control of process parameters. In the case of CVD, we achieve this through a reactor design, 19 which employs a segmented gas injection showerhead with exhaust gas recirculation ͑Fig. 1͒. With this design, we can produce desired gradients of gas impingement or deposition-or uniformity-across the wafer surface. Initial feasibility of the programmable CVD concept was demonstrated in prototype reactors. 20 The programmable CVD reactor has two chambers: the load lock chamber and reaction chamber, both made of ultrahigh vacuum grade stainless steel. The current programmable CVD reactor design includes a three-segment showerhead, recirculated exhaust gas flow through the showerhead, and a dynamic multiplexed sampling system for multipoint real-time process monitoring. 21 The present three-segment design of the CVD showerhead is intended to prove feasibility, validate models, and demonstrate control. Manufacturing implementation will require scaling to more segments, higher spatial fidelity, and control. A front view of the mechanical design of the programmable CVD reactor is shown in Fig. 2 . There are three segments in the reaction chamber, each of which has two gas feed tubes and one MS sampling tube. Based on previous experimental and simulation work, we set the distance ͑h͒ between the wafer surface and the gas feed tube outlet as 2.25 in. 13 A linear motion device enables adjustment of gap ͑z͒ between the bottom of the showerhead and the wafer, thereby controlling the intersegment diffusion. A substrate heater is employed to heat the wafer to a temperature of 350-400°C during the deposition.
There are two mechanisms of intersegment gas mixing in the SP-CVD. One mechanism is convective gas mixing, and another mechanism is mixing by gas diffusion. The segmented showerhead design minimizes intersegment convective gas mixing by drawing exhaust gas back up through the showerhead segment. This is very critical for programmable CVD system because the segments separate the process into three decoupled zone. However, intersegment gas diffusion still exists in the SP-CVD reactor. As shown in Fig. 3 , the SP-CVD system pumps out the process gases through a common exhaust port located at the top of the showerhead. This design strongly suppresses intersegment mixing of process gases. First, by drawing exhaust gas back up through the showerhead segment, it minimizes intersegment mixing across the wafer in the region between the wafer and the segment bottom ͑ISM-wafer͒, strongly suppressing intersegment gas mixing across the wafer. Second, the flow of gases up through the showerhead reduces back diffusion ͑ISM-BD͒ of gases from one segment through the common exhaust port and back down into an adjacent segment, an effect which should be more efficient at higher pressures. 
III. DESIGN AND IMPLEMENTATION OF MS SENSING IN SP-CVD

A. Multipoint MS sensing
In order to study the gas flow behavior within the three segments, multipoint MS sensing has been introduced in the SP-CVD system as indicated by the QMS sampling tube in Fig. 2 and shown by the photo in Fig. 4 . There are nine tubes in the segmented showerhead: tubes A1, A2 and A3 are the QMS sampling tubes; and tubes B1, C1, B2, C2, B3, and C3 are the gas feed tubes. We changed the vertical position ͑d͒ of the sampling tubes in order to study the gas distribution within a segment.
B. Pressure transduction strategy for gas sampling
MS and pressure reduction requirements
The MS system, an Inficon Transpector™, consists of a closed ion source ͑CIS͒, a quadrupole mass filter, and an ion detector mounted in a chamber. At the outside of the MS chamber, an electronic module is used to control the operation of the MS and transfer the monitor data to a computer through an RS-232 interface. A BAG100-S Bayard Alpert Gauge is attached to the MS chamber to check its pressure. A turbomolecular ͑turbo͒ pump is integrated with the MS chamber to maintain a high vacuum ͑10 −8 Torr͒. In order to dilute corrosive gas concentrations, the pump is purged with 10 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ of N 2 gas.
The MS separates the different gas ions according to their mass-to-charge ratio ͑m / z͒, distinguishing m / z by their different paths in electric and RF fields. In order to determine m / z, ions pass through the spectrometer system without collisions with other molecules or ions, meaning the QMS must maintain molecular flow, where approximately P Ͻ 10 −5 Torr. 23 Since the CVD processes of interest are in the range of 100 mTorr-10 Torr, a pressure reduction method is needed which effectively samples CVD gas flows into the QMS system, as is seen in the literature.
22,23
Simulation model for pressure reduction design
We define the time it takes the process gases from the CVD reactor to reach the MS sensor as the gas transfer time. If the gas transfer time is too long, we can only monitor the process, which has happened in the past. Thus, short gas transfer time and low pressure in the MS chamber are the key factors to achieve multiplexed real-time chemical sensing. Prior work shows that a workable method of sampling from a CVD process or plasma etching process chamber is to use a multistage pressure reduction scheme. 22, 24 A small amount of gas is drawn into a sampling tube through a small orifice by a differential pumping system, which was attached to the MS chamber. The schematic of the pressure reduction design in the MS sampling system is shown in Fig. 5 .
The diameter of orifice 1 is the key parameter in determining the gas transfer time of the sampling system and the pressure in the QMS. It is necessary to perform simulations in order to calculate the size of the orifice, thus a simulation modeling was established as follow before settling on a final design. 25 The gas flow before orifice 1 is in the viscous flow regime, and the gas flow after orifice 2 is in the molecular flow regime.
where Q is the throughput of QMS pumping system, S is the turbo pump pumping speed, P 3 is the operational pressure of QMS pumping system, C tube is the sampling tube conductance, C CIS is the closed ion source conductance, T is the gas temperature, M is the molecular weight, D is the inside diameter of sampling tube, L is the length of sampling tube, P 1 is the process pressure, and P 2 is the pressure inside sampling tube at orifice 1. In our system, the reactor pressure P 1 is 1 Torr, we set the MS chamber pressure P 3 at 10 −5 Torr. The conductance of a closed ion source is around 0.7 L / s, 26 the turbo pump pumping speed S is 30 L / s, and the length of 1 4 in. sampling tube is 62 in. As a result, the diameter of the orifice 1 can be calculated by
where A is the orifice area, and k is the conversion factor from air to other gas. Calculation results based on the above modeling show that the diameter of orifice 1 is 35 m.
C. Multiplexed gas sampling system design
The unique design of the multiplexed MS sampling system gives us the opportunity of using one MS to multiplex sample the gas from the three segments. Our current design of SP-CVD reactor is only a prototype reactor with three segments and is used to prove the SP-CVD concept. However, in the future, if SP-CVD is applied by the manufacturing industry, more than three segments may be used and multiplexed MS sampling will become beneficial to fabrication.
A detailed view of the MS multiplexed sampling system is shown in Fig. 6 . Each sampling tube employs an orifice ͑orifice 1͒ at its entrance near the wafer in order to sample gas. However, when another segment is being sampled, gas between orifice 1 and the QMS must be quickly removed, otherwise, it generates a high background QMS signal. Therefore, a bypass line is used to accomplish this for each segment. All three bypass lines are connected together with a differential pumping system, which consists of a turbo molecular pump and a diaphragm pump. Valves 1, 2, and 3 are the valves connected between each sampling tube to the MS chamber; valves 1Ј, 2Ј, and 3Ј are the valves connected between each sampling tube to the bypass line. When segment X ͑X =1, 2, or 3͒ is not monitored, sampling tube X is in an idle state, most of the gas, which comes from the programmable CVD reactor through the orifice, is removed by the bypass line pumping system. During observation of segment X, the valve to the bypass line is closed and all gases flow into the ion source region of the MS for analysis.
Operation of these control valves is summarized in Table  I . During the process, if the MS is monitoring segment 1, then valve 1 opens, while its bypass line is closed. During this time, the other two segments' sampling tubes to the QMS are closed and their bypass lines are opened.
The MS pressure is compared in the two settings of valve 1Ј during the monitoring of segment 1: ͑1͒ If valve 1Ј is closed, the pressure in the MS chamber is approximately 10 −6 Torr. ͑2͒ If valve 1Ј opens, the pressure in the MS chamber is approximately 10 −5 Torr. The low-pressure valve setting was chosen in order to prevent the ion source of the MS from being damaged. Therefore, when segment X ͑X =1, 2, or 3͒, is monitored, valve XЈ is closed. When segment 1 is monitored, valves 2 and 3 are closed, while valves 2Ј and 3Ј are opened to maintain low pressure in the sampling tubes of segments 2 and 3. To switch monitoring from segment 1 to 2, valves 1 and 2Ј are closed and valves 1Ј and 2 are opened. Because most of the sampled gas in the sampling tube of segment 2 is pumped out through the bypass line, only a small fraction of the sampled gas flows into the MS chamber for analysis. Test results reveal that the gas transfer time from the SP-CVD reactor to the MS is less than 2 s, and the pressure in the MS chamber is as low as 10 −6 Torr. 
IV. EXPERIMENTAL RESULTS
A. Mechanisms of intersegment gas diffusion
As shown in Fig. 3 , one unique design feature of the programmable CVD system is the process gas exhausting through a common exhaust port at the top of showerhead. 18, 21 As mentioned before, there are two types of gas diffusion ͑ISM-wafer and ISM-BD͒ in SP-CVD processes. The intrasegment gas distribution at the different vertical positions is affected by these two types of gas diffusion. The distance between the segment and the wafer surface is particularly critical in that it controls the gas diffusion at the wafer surface. A smaller gap is desirable for greater spatial control and a larger gap is desirable for smoother gradients across the wafer.
MS has been used to experimentally validate the mechanisms of gas diffusion. Table II shows the gas flow rates in three segments. In experiment 1, 60 SCCM of Ar gas was injected into segments 1 and 2; meanwhile, 60 SCCM of N 2 gas was injected into segment 3. Figure 7͑a͒ shows Ar and N 2 MS signals in segments 2 and 3. Ideally, if gas diffusion is not considered, the MS signal will be like the "ideal signal" shown in Fig. 7 . However, experimentally, the two types of gas diffusion have strong effects on the gas distribution in each segment. When the gap size between the wafer surface and the bottom of the segmented showerhead was set at 32 mm, Ar and N 2 gases were mixed above the wafer surface. Therefore, this gap size at the wafer surface promotes substantial ISM-wafer in addition to ISM-BD. In the next step, the segmented showerhead was lowered from 32 to 1 mm. As the position of the segmented showerhead was lowered, the effect of ISM-wafer was reduced. The MS signal showed that, in segment 2, the Ar signal increased while the N 2 signal decreased; in segment 3, the N 2 signal increased while the Ar signal decreased. Since only Ar was flown in segment 2 and only N 2 was flown in segment 3, a smaller gap makes their concentrations purer in the respective segments.
A second experiment ͑experiment 2͒ was performed in order to study the relationship between the gas flow rates and intersegment gas diffusion. In experiment 2, the gas flow rates in each segment were reduced in half ͑Table II͒. Similarly, a QMS signal trend was obtained in experiment 2 ͓Fig. 7͑b͔͒. However, the difference between the Ar signal and the N 2 signal has decreased from A͑3.06ϫ 10 −10 Å͒ to B͑1.85 ϫ 10 −10 Å͒. With a smaller gap, the gas purity in each segment is subsequently increased; however, the gas in experiment 2 is not as pure as that in experiment 1 since there is more ISM-wafer effect at lower gas flows.
From this experiment, we validated that ͑1͒ the showerhead segment can separate the different CVD processes in one programmable CVD reactor. Also, ͑2͒ high gas feeding rates will prevent gas diffusion ͑both ISM-wafer and ISM-BD͒ from other segments. These results are consistent with previous simulation models. 21 
B. Quantify the contribution of signal from ISM-wafer and ISM-BD
A series of experiments were conducted to quantify the contribution of the signal from the gas diffusion through the gap between the wafer and the showerhead ͑ISM-wafer͒ and from the common exhaust area ͑ISM-BD͒. In experiment 3 ͑shown in Fig. 8͒ , segment 3 was monitored to measure the TABLE II. Gas flow rates in three segments. H 2 signal which was only contributed by gas diffusion from segment 2. 30 SCCM of Ar and 30 SCCM of H 2 were flowed into segment 2, and 60 SCCM of Ar was flowed into segments 1 and 3, respectively. First, we set a 0 mm gap ͑no gap͒ between the segmented showerhead and the wafer surface. Then, we increased the gap size from 0 to 1, 2, and 3 mm. The MS monitored segment 3 and the resulting H 2 signal is shown in Fig. 8 , experiment 3. H 2 was not flown through segment 3 for a gap size of 0 mm, therefore, the resulting H 2 signal in segment 3 is due to the H 2 ISM-wafer from segment 2. Furthermore, the contribution of the signal from the gas diffused through the gap ͑ISM-wafer͒ can be calculated by taking the difference between H 2 signals from an X mm ͑X =1, 2, or 3͒ gap size and the 0 mm gap size. In experiment 4 ͑Fig. 8͒, segment 3 was stilled monitored, however, the recipe in segment 1 was changed to 30 SCCM of Ar plus 30 SCCM of H 2 . The measured H 2 signal in segment 3 had contributions from other segments due to gas diffusion. By comparing the H 2 signal taken from the 0 mm gap size in experiments 3 and 4, it was found that the H 2 signal from experiment 4͑2.26ϫ 10 −9 Å͒ almost doubled the H 2 signal from experiment 3͑1.32ϫ 10 −9 Å͒ in segment 3. This is because in experiment 3, only segment 2 contributed H 2 to segment 3 from the common exhaust port; however, in experiment 4, both segments 1 and 2 could contribute H 2 to segment 3 from the common exhaust port. Therefore, the H 2 signal is almost doubled, as in experiment 3.
C. Concentration profiles along vertical showerhead segments
We have used MS to validate and quantify two types of gas diffusion in SP-CVD processes. In order to understand how these two types of intersegment gas mixing affect the gas distribution in each segment, the MS was further applied to monitor the gas distribution at the different vertical positions within one segment. Before the SP-CVD system was built, Choo et al. developed a simulation-based design modeling the SP-CVD. 21 The MS was used to evaluate this modeling.
A movable MS sampling method has been employed by Kastenmeier et al. and Li et al. to monitor chemical processes. 27 We applied this approach to understand the gas composition profile in one segment.
In this evaluation experiment, the gap between the showerhead and the wafer surface was fixed at 1 mm, with 60 SCCM of Ar gas flowed into both segments 1 and 3; a mixture of 30 SCCM of Ar and 30 SCCM of H 2 was flowed into segment 2. The reaction chamber pressure was kept at 1 Torr. Initially, the distance between the wafer surface to the bottom of the sampling tube and the bottom of the feeding tube as set at 0.5 and 2.25 in., respectively. Figure 9͑a͒ presents the Ar and H 2 gas composition profiles at the different height positions in segment 2. The Ar signal is much higher than the H 2 signal even when the same amount of Ar and H 2 was flowed through segment 2. The Ar gas came from two main sources: ͑1͒ Ar gas was introduced through the gas feed tube; ͑2͒ Ar gas diffused from the other segments ͑ISM-wafer+ ISM-BD͒.
The position of the bottom of the sampling tube to the wafer surface was moved up from 0.5 to 4.5 in. As shown in Fig. 9͑a͒ , before the outlet position of gas feed tube ͑2.25 in. above the wafer surface͒, the Ar signal decreased as the sampling tube was moved up. As explained in Fig. 9͑b͒ , the higher Ar signal at low positions was caused by Ar diffusing from other two segments to segment 2 ͑ISM-wafer dominates at low positions͒. As the sampling tube reached 2.5 in., which is a little higher than the outlet of the gas feed tube position, the Ar signal reached its lowest value. Thereafter, the sampling tube continued to be lifted; however, the Ar signal started to increase. This signal increasing was due to Ar in the other segments back diffusing to segment 2 from the top exhaust area ͑ISM-BD dominates at high positions͒. Compared to the Ar signal, the profile of the H 2 signal in segment 2 has the opposite trend. The highest value of the H 2 signal was obtained around the outlet position of gas feed tube. H 2 showed lower signal at both higher position and lower position of the segment.
The MS signal is a current signal related to the partial pressure of the measured gas; however, for the purpose of these experiments the current signal was converted into the gas compositions mole fractions. Figure 10 compares the converted gas concentration profile with the gas concentration profile taken from the simulation modeling. It is obvious to see that both of the experimental results and the simulation results indicate the same trend of the gas concentration profile at the different vertical positions in segment 2.
V. DISCUSSION
A. Gas mixing versus the showerhead/wafer gap size
The SP-CVD reactor has the unique capability of producing thin films with desired properties across the wafer and has proved to be an ideal tool for the research of combinatorial materials development. 20 MS has been employed to study the gas distribution and gas transport in the SP-CVD system in order to validate the modeling of SP-CVD. As shown in Fig. 3 grammable CVD system is the process gas exhausting through a common exhaust port at the top of showerhead. 18, 21 There are two types of gas diffusion ͑ISM-wafer and ISM-BD͒ in SP-CVD reactor. The intrasegment gas distribution at the different vertical positions is affected by these two types of gas diffusion. The distance between the segment and the wafer surface is particularly critical in that, since it controls the gas diffusion at the wafer surface ͑ISM-wafer͒. In Fig. 8 , the MS signal in both experiments 3 and 4 show that when the showerhead/wafer gap size increases, there is more intersegment gas diffusion at the gap area. As a result, we can control the gas concentration gradient at the gap region by adjusting the showerhead/wafer gap size. A smaller gap is desirable for greater spatial control, and a larger gap is desirable for smoother gradients across the wafer. As shown in Fig. 7 , by comparing the value of A and B it is found that B is almost half of A. This was due to the feed gas flow rate in Fig. 7͑b͒ being reduced to half of the feed gas flow rate in Fig. 7͑a͒ , and a high feed gas flow rate prevents more gas diffusion from both the common exhaust port and the showerhead/wafer gap area. This result indicates that another method to control the gas concentration distribution above the wafer is to change the feed gas flow rate. Therefore, in the future, deposition gradients can be controlled by adjusting the feed gas flow rate as well as the gap size between the wafer surface and the bottom of the segmented showerhead.
B. MS signal variations in different segments
One of the main novelties of the multiplexed MS sensing system is that one MS is used for real-time in situ monitoring of three segments of a CVD process to conduct process/ equipment diagnosis and perform leak checks at the common exhaust port and the precursor source area. The MS data from the three segments reveal a signal difference between segments even when all three segments have the same gas flow rates. Figure 11 shows the H 2 signal ratio of segment 1:segment 2:segment 3 as 1.1:1.3:1. As shown in Fig. 5 , there are many connection devices between the CVD reactor and the MS, such as orifice, sampling tube, valve, and flexible tube. There is some variation in these connections from one segment to another. The tolerance of orifice 1 ͑35 m orifice flow rate tolerance ±10%͒, 28 the conductance of the valve, and the length of the flexible tube are the main factors to affect the total conductance of each sampling tube, therefore, causing the MS signal to have differences between segments. The signal ratio between segments also depends on the gas type. In Fig. 11 we find that the Ar signal ratio of segment 1:segment 2:segment 3 is 1.2:1.5:1, which is different with the H 2 signal ratio. The reason for this difference is we use a turbo molecular pump to keep the MS working at a low pressure, and the pumping speed of Ar is higher than H 2 because Ar compression ratio is higher than H 2 compression ratio. As a result, the signal ratio between segments depends on the type of gas. We believe that the signal differences between segments can be reduced if the variation of hardware configuration between segments can be reduced.
In the future, we will develop a model, which reflects the relation between the MS signal and the film thickness which will allow us to do end point detection in SP-CVD process. In order to solve the problem of signal variation between segments, we will develop a model-based metrology for each segment and further apply the model to control the process in the correlative segment.
C. Transient peak in the MS signal
Each sampling tube was coupled with a bypass line. During idling status ͑not monitoring status͒, most of the gas in the sampling tube was pumped out through the bypass line. However, because the pumping speed of turbo pump 2 ͑in Fig. 6͒ is lower than that of turbo pump 1, a little gas still remained in the sampling tube and the valve area. The transient peak seen in Fig. 11 is the signal of the gas cumulated in the sampling tube and the valve. Once the valve was opened, the cumulated gas was first sensed by QMS. After the cumulated gas was pumped out by the turbo pump ͑which was connected with the QMS chamber͒, the MS signal reached a stable value.
VI. CONCLUSIONS AND FUTURE WORK
A multiplexed spatially resolved MS sensing system has been implemented for a spatially programmable CVD system. A simulation model has been designed to find the best parameters in the pressure transduction sampling system design. Based on the simulation results, a 35 m orifice sampling tube coupled with a bypass line is a primary approach to reduce the process pressure ͑ϳ1 Torr͒ to a low pressure ͑10 −6 Torr͒. This novel design has given the MS the ability to perform multiplexed real-time in situ monitoring of a CVD process in three segments with a short gas transfer time ͑1 s͒, a key factor to achieve multiplexed real-time chemical sensing.
Experimental results have demonstrated the two mechanisms of the intersegment gas mixing as follow: ͑1͒ gas diffusion through the gap between the showerhead and wafer ͑ISM-wafer͒, and ͑2͒ back diffusion from the common exhaust port ͑ISM-BD͒. These two types of gas diffusion affect the gas distribution in each segment. MS has been used to experimentally validate the gas distribution at different ver- tical positions within one segment. The results from the MS show consistent trends with the simulation result taken from the model. From the MS signal, the amount of the signal from the gas diffused from other segments can be quantified and used to understand gas transport in the programmable CVD system. It is important to understand the fundamental phenomena associated with the reactor design and its capability to form MS sensor based metrology for future research of combinatorial materials research. The asymmetrical design of the equipment into three segments will not affect the future SP-CVD process control. A model based on the metrology of each segment will be established and further, applied to real-time control of the deposition process in each segment.
